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The effect of thermo-mechanical treatment on the mechanical properties of a novel β-type Ti–36Nb–5Zr (wt%) alloy has been investigated.
The solution treated alloy consists of β and α″ phases and exhibits a two-stage yielding with a low yield stress (around 100 MPa). After cold
rolling at a reduction of 87.5% and subsequent annealing treatment at 698 K for 25 min, a ﬁne microstructure with nanosized α precipitates
distributed in small β grains as well as high density of dislocations was obtained to achieve a yield strength of 720 MPa and a ultimate tensile
strength of 860 MPa. In spite of the formation of α precipitates, the β-stabilizers are not enriched in the parent β matrix due to the short duration
and low temperature of the thermal treatment, resulting in a low chemical stability of β phase. The low stability of β phase and the small volume
fraction of α precipitates produce a low Young's modulus of 48 GPa. Such an excellent combination of low elastic modulus and high strength in
mechanical properties indicates great potential for biomedical applications.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Titanium and its alloys have become one of the most attractive
biomaterials for implant applications due to their excellent bio-
compatibility, high corrosion resistance, light weight and low
modulus [1,2]. Nevertheless, the conventional implant Ti materi-
als, e.g. pure Ti and Ti–6Al–4V, exhibit substantially higher
Young's modulus (110 GPa) than that of a human bone
(30 GPa) [3,4]. Such a large modulus mismatch causes
insufﬁcient loading of the bone adjacent to the implant, which
can lead to potential bone resorption and eventual failure of the10.1016/j.pnsc.2014.03.007
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nder responsibility of Chinese Materials Research Society.implant device due to “stress shielding” effect [5,6]. The
motivation to develop lower modulus orthopedic Ti alloys has
led to an increased focus on β-type alloys which retain a single-
phase β microstructure on rapidly cooling from high-temperature
β phase ﬁeld, because the β-type alloys exhibit relatively low
moduli as compared to those of α and (αþβ) Ti alloys [7–10].
As is well known, the moduli of β-type Ti alloys are closely
related to their phase constitution and chemical composition
[11,12]. Previous studies have also showed that the modulus of
β phase decreases monotonically with decreasing content of
β-stabilizing elements, and thus the lowest modulus can be obtai-
ned at the composition containing the least amount of β-stabilizing
elements while keeping the single β phase [13,14]. However, if the
content of β-stabilizers is insufﬁcient, a stress-induced martensitic
transformation from β phase to α″ martensite will take place during
deformation, resulting in a very low yield stress [15,16]. Recent
researches indicate that in addition to increasing the content of β-
stabilizers, the stress-induced martensitic transformation can be
suppressed by microstructure control achieved by severe cold
rolling and subsequent annealing treatments [17–19]. This suggestsElsevier B.V. All rights reserved.
Fig. 1. XRD patterns of solution treated (ST), cold rolled (CR) and cold rolled
plus annealed (CRA) Ti–36Nb–5Zr specimens.
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treatment, instead of simply increasing the chemical stability of the
β phase. Obviously, this is beneﬁcial for developing β-type Ti
alloys with low modulus.
In addition to low elastic modulus, Ti alloys used for implants
should have high yield strength due to the complicate cyclic
loading applied to the implants. However, β-type Ti alloys with
low modulus usually possess lower yield strength than that of
(αþβ) type Ti–6Al–4V alloy [20]. In order to enhance the yield
strength of β-type Ti alloys, precipitation hardening is frequently
employed through annealing treatment [4,21]. However, the stable
α or metastable ω precipitation introduced by annealing treatment
exhibits higher modulus than the β phase. Meanwhile, the preci-
pitation of α or ω phase causes the enrichment of β-stabilizers in
the residual β matrix, resulting in an increase in the modulus of the
β phase [22–24]. In such a case, the conventional annealing
treatment will lead to a signiﬁcant increase in the modulus of Ti
alloys, which is not suitable to achieve simultaneously both low
Young's modulus and high strength. Therefore, it is important to
develop a thermo-mechanical process to strengthen β-type alloys
without sacriﬁcing low Young's moduli.
Ti–Nb–Zr alloy system has been proved to be a good candidate
for developing absolutely safe biomedical β-type Ti alloys, because
Ti, Nb and Zr are non-toxic elements and thus can minimize
adverse tissue reactions originating from the release of metal ions
from the implant [25,26]. However, most of the present Ti–Nb–Zr
alloys possess low yield stress less than 400 MPa due to stress-
induced martensitic transformation [27,28]. On the other hand, the
elastic moduli will increase to more than 80 GPa if the alloys are
strengthened by precipitation hardening [29]. The mechanical
properties of Ti–Nb–Zr alloys are yet to be further enhanced so
as to achieve an optimal combination of high strength and low
modulus.
In this paper, a novel β-type Ti–Nb–Zr alloy consisting only of
nontoxic elements was fabricated through alloying and thermo-
mechanical treatment, with the aim of achieving an excellent
combination of high strength and low modulus. Also, the
inﬂuence of microstructures and phase stability on the mechanical
properties of Ti–Nb–Zr alloy was brieﬂy discussed.
2. Experimental
The ternary Ti–36Nb–5Zr (wt%, all chemical compositions are
denoted in weight percent hereafter) alloy was prepared by arc
melting in an argon atmosphere using high purity Ti (99.99%),
Nb (99.95%) and Zr (99.95%) as raw materials. The ingot was
re-melted four times in order to ensure chemical homogeneity.
The arc-melted ingot was ﬁrst forged to billet with a cross-section
of 8 60 mm2, and then homogenized at 1223 K for 5 h in
vacuum, followed by quenching in water. The homogenized
billet was cold rolled (CR) to a thickness of 1 mm at a reduction
of 87.5%. Some CR specimens were solution treated (ST) at
1073 K for 1 h in an evacuated quartz tube, while the others were
annealed (CRA) at 698 K for 25 min; both the ST and CRA
specimens were quenched in water after the heat treatment.
Specimens for tensile test with a gage length of 30 mm and a
cross section of 1 1.46 mm2 were spark cut along the rollingdirection. Tensile tests were conducted on an Instron 8801 machine
at a strain rate of 1 104 s1. To ensure the accuracy of
Young's modulus, an extensometer with a gage length of 25 mm
was used to measure the strain. Phase constitutions were deter-
mined by X-ray diffraction (XRD) with Cu Kα radiation at an
accelerating voltage of 40 kV and a current of 250 mA. The
microstructural evolutions during thermo-mechanical treatments
were characterized on a FEI Quanta 200F transmission electron
microscope (TEM) operating at a voltage of 200 kV. Local
chemical compositions were determined via scanning transmission
electron microscopy (STEM) equipped with energy dispersive
X-ray spectroscopy (EDS). TEM specimens were prepared by a
twin-jet electro-polishing technique in a solution of 9% perchloric
acid, 21% n-butyl alcohol and 70% methanol at about 243 K.
3. Results and discussion
Fig. 1 shows the XRD patterns of the solution treated, cold
rolled and cold rolled plus annealed specimens. A dual (βþα″)
phase can be identiﬁed in the ST specimen, suggesting that
the martensitic transformation start temperature (Ms) of the ST
Ti–36Nb–5Zr alloy is above room temperature. After the cold
rolling, the Ti–36Nb–5Zr alloy exhibits the same phase constitu-
tion as observed in the solution treated specimen, i.e. martensite
and β phase. Interestingly, upon the following annealing at 698 K
for 25 min, α″ martensite completely transformed to β phase and
does not form during the subsequent cooling, indicating that the
Ms of the CRA specimen drops below room temperature. In
addition, a small amount of α precipitates was observable in the
annealed specimen, as evidenced by relatively weak α diffraction
peaks. It is worth noting that the precipitation of few α phases
does not lead to the shift of β diffraction peaks. This implies
that the present annealing does not lead to signiﬁcant repartition of
β-stabilizers and the residual β phase still possesses relatively low
chemical stability. Therefore, there exist some other factors rather
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contributing to the stabilization of β phase in the annealed
specimen, which will be discussed later.
The TEM images of ST, CR and CRA specimens are shown in
Fig. 2. The bright-ﬁeld micrograph in Fig. 2(a) shows that the lath-
shaped α″ martensite distributes within the β grains in the ST
specimen. The presence of α″ martensite can be conﬁrmed from
the [111] β zone axis selected area diffraction (SAD) pattern shown
in Fig. 2(a), where the reﬂections near the 1/2 {112} β positions
are attributed to α″ phase. Upon severe cold rolling, numerous
irregular dark areas caused by dislocation tangles are observed in
the CR specimen, as shown in the bright-ﬁeld image of CR
specimen in Fig. 2(b). Fig. 2(b) also represents the SAD pattern of
the CR specimen. It can be observed that the severe cold rolling
does not exert a substantial effect on the phase constitution, and
that the phase constitution of CR specimen is still β and α″
martensite phases. However, the SAD pattern of CR specimen
exhibits near-continuous diffraction rings indicating that the cold
rolling leads to signiﬁcant grain reﬁnement, irrespective of the β
phase or martensite.
Fig. 2(c) shows the bright-ﬁeld micrograph and the correspond-
ing SAD pattern of the CRA specimen. Fine scale precipitates withFig. 2. Bright-ﬁeld TEM micrographs of the solution treated (a), cold rolled (b) and
rolled plus annealed specimen. Inset: the corresponding SAD patterns.a width of several nanometers, marked by white arrows, are
observed within β matrix. According to the SAD pattern shown in
Fig. 2(c), the lath precipitates distributed within the β matrix are
recognized to be of α phase. In addition, it can be clearly seen that
numerous irregular dark areas caused by dislocation tangles still
exist after annealing treatment, suggesting that the alloy is not
completely recrystallized from the as-rolled state. From the SAD
pattern, it is noticed that the process combining cold rolling and
short-time annealing leads to a considerable reduction in the β
grain size, as evidenced by the near-continuous diffraction rings.
Easy deformation-induced grain reﬁnement has been found in
many β-type Ti alloys with low stability [30]. It is proposed that
the martensitic transformation and the reversible transition from α″
martensite back to β phase play a signiﬁcant role in grain
reﬁnement [31,32]. Referring to the present alloy, experimental
results from the XRD and TEM have shown that the Ti–36Nb–
5Zr alloy exhibits low β phase stability against martensitic
transformation. Therefore, it is reasonable to conclude that the
grain reﬁnement in the annealed Ti–36Nb–5Zr specimen can be
attributed to stress-induced martensitic transformation during
cold rolling and its reverse transformation during subsequent
annealing.cold rolled plus annealed (c) specimens and dark-ﬁeld micrographs of the cold
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in the corresponding SAD pattern marked with a circle. The α
phase exhibits lenticular morphology, about tens of nan-
ometers in length and several nanometers in width. It is well
known that α phase always preferentially nucleates at defects
in β matrix, e.g. dislocations and grain boundaries [33]. As
shown in Fig. 2(c), a large amount of dislocations and grain
boundaries can be observed in the annealed specimen. These
dislocations and grain boundaries provide sufﬁcient hetero-
geneous nucleation sites for the α precipitation. On the other
hand, the short-time annealing treatment hinders the coarsen-
ing of precipitates. In such a case, nanosized α phase can be
obtained in the CRA specimen. Note that the α″ martensite is
not observed in annealed specimen, as shown in Fig. 2(c) and
(d), which agrees well with the corresponding XRD result.
Previous investigations have suggested that martensitic trans-
formation can be considerably affected by microstructures
[17–19]. On the basis of the above TEM results, one can
conclude that grain reﬁnement, high density of dislocations
and nanosized α precipitates play a key role in suppressing
martensitic transformation of the CRA specimen.
The tensile stress–strain curves of ST, CR and CRA specimens
are shown in Fig. 3. The ST specimen exhibits a remarkableFig. 3. Tensile stress–strain curves of specimens (a) after solution treatment,
(b) after cold rolling and after cold rolling plus annealing. The stress–strain
curve from 0% to 6% of the solution treated specimen is also shown in (b) for
reference.two-stage yielding, which is the typical deformation characteristic
of metastable β-type Ti alloys, as shown in Fig. 3(a). The ﬁrst
yielding is related to the induction of martensite and the
rearrangement of martensite variants, and the second yielding
to the initiation of permanent plastic deformation.
Upon cold rolling at a reduction of 87.5%, the ultimate tensile
strength increases signiﬁcantly from 480 MPa to 662 MPa, as
shown in Fig. 3(b). The remarkable strengthening of the alloy can
be attributed to the interaction between ﬁne α″ martensite and
dislocation tangles introduced by cold rolling deformation, as
evidenced in Fig. 2(b). Interestingly, the CR specimen exhibits
nonlinear elasticity with an incipient Young's modulus of 40 GPa.
Our previous studies suggest that this peculiar deformation
behavior originates from the stress-induced martensitic transfor-
mation and/or the reorientation of martensite variants due to an
initial dual (βþα″) microstructure in the CR alloy (see Fig. 1)
[34]. In addition, it can be observed from Fig. 2(b) that cold
rolling leads to a considerable decrease in modulus as compared
with that of the ST specimen (56 GPa), which is attributable to
the formation of (200)α″[010]α″ texture and the crystallography
anisotropy of α″ phase [35]. Although the CR specimen exhibits
a low Young's modulus of 40 GPa, it is not a good candidate for
biomedical applications, because the alloy possesses a low yield
strength (ﬂow stress at 0.2% plastic strain) of 413 MPa due to the
nonlinear deformation behavior.
In comparison to nonlinear deformation of the CR specimen,
the tensile stress–strain curve of the CRA specimen shown in
Fig. 3(b) indicates that the annealed specimen shows a linear
elastic deformation behavior. This suggests that the β phase in
CRA specimens is fully stabilized and no stress-induced
martensitic transformation takes place on tensile loading. As
mentioned above, this can be attributed to the inhibitory effect
of grain reﬁnement, high density of dislocations and nanosized
α precipitates on the martensitic transformation. The tensile
test of the annealed specimen also indicates that upon this
annealing treatment, the Ti–36Nb–5Zr alloy is signiﬁcantly
strengthened, with an ultimate tensile strength of 860 MPa
which is comparable to the widely used Ti–6Al–4V ELI alloy.
Combining with the microstructural observation shown in
Fig. 2, it is reasonable to conclude that the precipitation of
nanosized α phase as well as the dislocations plays a crucial
role in the strengthening of the alloy. The ﬁne α precipitates
could pin the dislocations and obstruct the dislocation motion,
resulting in high ultimate tensile strength of the CRA speci-
men. In spite of signiﬁcant improvement in strength, the alloy
still retained a relatively low modulus of 48 GPa after the
annealing treatment.
Generally, Young's modulus of a two-phase alloy is deter-
mined by the volume fraction and moduli of the individual
phase [36]. It has been well accepted that α phase exhibits a
higher modulus than that of β phase [37]. For example, Bowen
reported that Young's modulus of α phase is two times as high
as that of β phase [38]. From Fig. 2(c) and (d), it can be seen
that the volume fraction of α phase is very low in the CRA
specimen. Thus, the contribution of α precipitation to the
modulus of the annealed alloy is quite limited. In such a case,
one has the reason to believe that the low modulus of the CRA
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value of β phase.
In order to clarify the origin of low modulus in β phase, the
compositional partitioning between α precipitates and β matrix on
the CRA specimen was determined using EDS analysis. Fig. 4
shows the compositional maps for Ti, Nb and Zr elements across
a square of 200 200 nm2 consisting of β and α phases (shown
in the bright ﬁeld micrograph in the same ﬁgure). In the EDS
proﬁle (Fig. 4(b), (c) and (d)), no detectable compositional change
is observed across the square area shown in Fig. 4(a), which
means that the partitioning of alloying elements between the two
phases is subtle. It has been proposed that in the early stages of
nucleation and growth, α precipitates exhibit a composition far
from equilibrium, nearly identical to that of the parent β matrix
[39,40]. Clearly, the similar situation occurred in the short-time
annealed Ti–36Nb–5Zr alloy. It is concluded that the diffusion of
β-stabilizing elements is limited due to the short annealing time
and relatively low annealing temperature.
It is widely accepted that Young's modulus of β phase
increases monotonically with increasing content of β-stabilizingFig. 4. Bright-ﬁeld micrograph of the cold rolled plus annealed specimen (a) and
across a square of 200 200 nm2 shown in (a).element in β-type Ti alloy [11]. During conventional annealing
treatment, large amount of α phase precipitates and thus causes
the enrichment of β-stabilizers in the residual β matrix. As a
result, Young's modulus of the annealed alloy increases due to
both the improvement of the intrinsic modulus of β phase caused
by chemical stabilization and the precipitation of α phase with
high Young's modulus. By contrast, upon the present thermo-
mechanical treatment the β phase still possesses low content of
β-stabilizers, giving rise to low intrinsic elastic modulus of β
matrix. In addition, the volume fraction of α precipitates formed
in short time annealing was much lower than that formed in
conventional annealing due to the limitation on the annealing
temperature and time. Accordingly, both the low intrinsic
modulus of β matrix and the small volume fraction of α preci-
pitates lead to the low elastic modulus, 48 GPa, of short-time
annealed Ti–36Nb–5Zr alloy. Meanwhile, the nanosized α phase
as well as the high density of dislocations plays a key role in
strengthening the annealed alloy. As a result, the CRA Ti–36Nb–
5Zr alloy can exhibit an excellent combination of high strength
and low Young' modulus.the corresponding compositional maps for Ti (b), Nb (c) and Zr (d) elements
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A β-type Ti–36Nb–5Zr (wt%) alloy with low Young's modulus
and high strength was developed for biomedical applications and
the microstructure evolution and its inﬂuence on mechanical
properties were investigated after cold rolling and subsequent
annealing treatment. The results can be summarized as follows.(1) The solution treated specimen is composed of β and α″
phases, which means that the Ms is above room tempera-
ture. After cold rolling and subsequent annealing treat-
ment, α″ martensites completely transformed to β phase
and a small amount of α phase precipitated. The decrease
of Ms is due to the microstructure changes rather than the
chemical stabilization of the residual β matrix.(2) The cold rolled specimen exhibits peculiar nonlinear elasti-
city originating from the induction of martensite and/or the
rearrangement of martensite variants upon loading. However, it
changes to normal linear elastic deformation behavior after
annealing treatment due to the strengthening of the β phase.(3) High density of dislocations and nanosized α precipitates
were introduced by the cold rolling plus annealing treatment
and this results in high yield strength and ultimate tensile
strength of the alloy. Meanwhile, the solute partitioning was
neglectable and the low chemical stability of β phase retained
after annealing treatment, guaranteeing low elastic modulus of
the short-time annealed specimen.(4) The present Ti–Nb–Zr alloy consisting only of nontoxic
elements and exhibiting an excellent combination of high
strength (860 MPa) and low Young's modulus (48 GPa) is
expected to be a desirable candidate material for biomedi-
cal applications.Prime novelty statement A novel β-type Ti–36Nb–5Zr (wt%) alloy with an excellent
combination of low elastic modulus (48 GPa) and high
ultimate tensile strength (860 MPa) was fabricated through
alloying and thermo-mechanical treatment. The high density of dislocations and nanosized α precipi-
tates were introduced by the cold rolling plus annealing
treatment and this resulted in high yield strength and
ultimate tensile strength of the alloy. In spite of the formation of α precipitates, the β-stabilizers
are not enriched in the parent β matrix due to the short
duration and low temperature of the thermal treatment,
leading to the low chemical stability of β phase.
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